Abstract -This paper presents a new, simple and efficient protection technique which is based on negative sequence currents. Using this protection technique, it is possible to detect minor internal turn-to-turn faults in power transformers. Also, it can differentiate between internal and external faults. The discrimination is achieved by comparing the phase shift between two phasors of total negative sequence current. The new protection technique has been studied via an extensive simulation study using PSCAD®/EMTDC™ software in a three-phase power system and also has been compared with a traditional differential algorithm. The results indicate that the new technique can provide a fast and sensitive approach for identifying minor internal turn-to-turn faults in power transformers.
INTRODUCTION
Internal faults involve a magnitude of fault current which is low relative to the power transformer base current. This indicates a need for high speed and high sensitivity to ensure good protection. According to the IEEE Standard documents, there is no one standard way to protect all power transformers against minor internal faults and at the same time to satisfy basic protection requirements: sensitivity, selectivity, and speed.
The most difficult internal turn-to-turn fault is the fault which initially involves only a few turns. The IEEE Standard C37.91-2000 indicates that as much as 10% of the transformer winding might be shorted to cause a detectable change in the terminal current. Therefore, when fewer numbers of turns are shorted, it will result in an undetectable amount of current. There is no limit to the maximum internal fault that can flow, other than the protection system capability [1], [2] .
According to the IEEE Committee Report , the main and most commonly used protection provided for internal faults for power transformers of approximately 10 MVA three-phase is the percentage differential relay. Although the percentage differential relay [3] [4] [5] [6] is the most commonly used protection, it is not efficient for detecting minor internal turn-to-turn faults in power transformers. It is difficult to detect minor internal turn-to-turn faults using the percentage differential relay because the changes in the transformer terminal's current will be quite small because the ratio of transformation between the whole winding and the short-circuited turns is quite small.
The traditional transformer differential percentage protection is not sensitive enough to detect minor internal winding faults. Low-level turn-to-turn faults cannot be detected with overall sensitivity represented by the restraint characteristic of the percentage differential relay. For example, if the restraint characteristic of the percentage differential relay has been set to 20% and a minor internal fault causes a differential current of 10%, thus an internal fault cannot be detected until this fault evolves into a more severe fault with a higher differential current. And for this reason, the conventional percentage differential protection is not sensitive enough to determine low-level turn-to-turn faults.
Alternatively, minor turn-to-turn faults can be detected by the sudden pressure relay. However, the sudden pressure relay is slow to operate unless the internal fault is severe. The sudden pressure relay can detect internal faults with a delay of typically 50-100 ms that often causes the fault to become more serious [7] .
Sachdev, Sidhu and Wood presented a digital relaying algorithm for detecting transformer winding faults [8] . This principle is based on checking whether the differential equation combined from the equations at the primary and secondary windings is valid. The electro-magnetic equations of a transformer are differential equations of currents, voltages and mutual flux linkages. The differential equations are valid during normal operating conditions, magnetizing inrush and external faults. However, they are not valid during internal faults. If the power transformer is connected in Y-Y, the fault can be detected directly because the winding current is available. However, if the power transformer is connected in Y-∆, then each of the three equations contains the unavailable ∆ winding current causing this algorithm to decompose the winding currents into non-circulating and circulating currents. According to the results presented in this paper, the proposed technique was effective for 5% of shorted turns of the winding.
Kang, Lee and et al described a transformer protection based on the increment of the flux linkages [9] . The ratio of the increments of the primary and the secondary winding flux linkages is equal to the turn ratio during normal operating conditions, magnetizing inrush current and over-excitation. During internal winding faults, it will differ from the turn's ratio.
However, the ratio of the increments of the flux linkages is not always equal to the turn ratio because the increments of the flux linkages of the primary and secondary windings are instantaneous values and consequently pass through zero. According to the presented result, the proposed technique is effectively limited to a turn-to-turn fault involving more than 10% of the winding.
In 2005, Gajic, Brncic, Hillstrom and et al from ABB (Sweden) in a conference paper discussed about a new differential protection method based on negative sequence currents for detecting turn-to-turn faults within the power transformer [10] . According to the new method, the relay will look into the phase angle shift between negative sequence current components from different sides of the transformer and will make decisions based on this phase angle shift. According to reference [10] , the new sensitive method can be used for detecting minor internal turn-to-turn faults in the power transformer. Studies presented in this paper were very limited -it dealt with one particular configuration and one system condition. The results given in this paper were also not convincing because of limited studies performed for only one set of system parameters and no detailed investigations.
Past researchers faced problems while using negative sequence currents for detecting minor turn-to-turn faults within the power transformer. According to reference [7] , the changes in impedance of the total phase circuit for a shorted turn is very difficult to calculate because of the power transformer actions. In accordance with their estimations when the impedance in the faulted phase changes by 3%, the negative and zero sequence currents will not be sufficiently large enough and will be less than 1%.
Ngaopitakkul and Kunakorn presented an algorithm based on a combination of Discrete Wavelet Transform and neural networks for detecting and classification of internal faults in two winding three phase transformer [11] . According to this method, the current waveforms are extracted to several scales with the Wavelet transform, and the coefficients of the first scale from the Wavelet transformer are investigated. The comparison of the coefficients was performed and used as inputs for the training process of the neural networks.
Khorashadi-Zadeh and Li presented a sensitive artificial neural network (ANN) based differential relay for fault identification in power transformer protection [12] . In this proposed algorithm, different transient states are considered as different patterns. These different patterns are recognized by an artificial neural network. Inputs to an artificial neural network are the harmonics of the positive sequence of differential current. In this method the inputs are the 1st, 2nd, and 5th harmonic components of the positive sequence differential current. The drawback of using methods based on neural networks is that these methods require a large number of training patterns which are produced by simulation of various cases and this method is not generalized to be applied to different power transformers.
The literature review shows that detecting minor internal turn-to-turn faults within the power transformer is a very difficult problem. Some special schemes or relays have to be designed and can be used as customized application. This paper focusses on developing a negative sequence protection scheme for detecting internal turn-to-turn faults within the power transformer for various operating conditions and different configurations of the power transformer. The main motivation of this research was to verify if this proposed method is able to perform better than the traditional differential protection method.
THE PROPOSED TECHNIQUE
From the theory of symmetrical components [13] [14] it is known that the negative sequence currents can distribute through the negative sequence network and obey Kirchhoff's first law.
If the fault is external to the power transformer, then the source of the negative sequence fault currents will be outside of the protected zone as shown in Fig. 1a .
Where, the negative sequence current (I_neg_p) will enter the healthy transformer on the faulty side and the negative sequence current (I_neg_p΄) will leave on the other side. Then, the negative sequence currents on the both sides of the power transformer (INS_P and INS_P) will have opposite direction. In other words, the phase shift between these two phasors will be equal to 180 º. On the other hand, if the fault is internal to the power transformer, then the source of the negative sequence fault currents will be inside of the protected zone as shown in Fig. 1b . Where, the negative sequence currents (I_neg_p and I_neg_s) will flow out of the faulty transformer on both sides. For internal faults, the negative sequence currents (INS_P and INS_S) on the respective sides of the power transformer will have the same direction, and the phase shift between these two phasors will be equal to 0 º. In Figure 1: Z NS_S1 , Z NS_S2 -the negative sequence impedances for the equivalent sources S1 and S2, E NS -fictitious negative sequence source, I_neg_p, I_ neg_s -the negative sequence currents on the primary and secondary side of the power transformer, I_neg_p -the negative sequence current transformed from the fault side to the other side of the transformer, INS_P, INS_S -the negative sequence currents on the primary and secondary side of the transformer scaled down using CTs.
Proposed protection logic
The proposed technique uses two stages of comparison. The first stage uses a magnitude comparison stage, where the magnitudes of the negative sequence currents from both sides of the transformer are compared with a pre-set level of 1% the differential protection's base current. If the contribution of the negative sequence currents from both sides of the transformer is more than the pre-set level, then the second stage is used. The second stage is a directional comparison stage, where the phase difference between the two phasors of the negative sequence currents on both sides of the power transformer is compared with a pre-set value (ideally zero degree). Theoretically, the phase angle between two phasors of negative sequence currents has to be 0 degrees, but in reality there can be minor phase angle shifts caused by the quite high current in the shorted turns, therefore a small preset level is intrdouced. If the phase shift between the two phasors of negative sequence currents is greater than this preset value, then an internal fault has occured and a trip command issued. Note that the proposed logic is valid for non-zero phase displacement transformers and turns ratio equal to 1.
In other words, this comparison is valid for the ∆-∆ or Y-Y connection of the transformer windings, and for the turn ratio equal to 1. If the phase displacement of the transformer differs from zero degrees and the turn ratio differs from 1,
Fig. 1 Direction of negative sequence currents during faults
then the phase shift and turns ratio of the transformer have to be compensated in order to use this method.
SIMULATION RESULTS
The performance is evaluated through extensive simulations using the PSCAD/EMTDC software. Some typical results obtained are given in this section.
Simulation of the Power System
The system used for the study is a two machine power system connected through a three phase power transformer. A three phase transformer bank was constructed using three single phase transformers, each of 33.3 MVA, 23/132 kV. The power transformer was modeled taking into account mutual coupling.
The total number of the turns on the primary winding is 150 turns and the total number of the turns on the secondary winding is 866. In this study, different internal turn-to-turn faults are simulated on the primary winding in phase C of the power transformer connected in Y-Y. The fault is applied at 3 seconds for a duration of 0.4 seconds.
To model a fault between turns, the corresponding winding of the power transformer is divided into three sub coils "a", "b" and "c".
Essentially, the short-circuit impedance is mainly the leakage inductance which will change for a midwinding fault. The change in impedance of the total phase is difficult to calculate when the fault involves few shorted turns without using a numerical technique. It is difficult to obtain required values of the leakage reactance using an analytical solution because of the complex geometry of the power transformer and non-linear coupled component. In this research, accurate values of leakage reactances were obtained using the Finite Element Analysis which has been successfully used to solve a wide variety of electromagnetic problems. Modeling a power transformer using FEA has three stages. The first stage consists of meshing the problem space into contiguous elements of suitable geometry and assigning appropriate values of the material parameters such as permeability, conductivity, and permittivity of each element. In the second stage the model had to be excited and the initial conditions had to be specified. In the final stage the boundary conditions have to be specified. Once the model was defined in this fashion, then accurate values of the parameters can be calculated. The coupling between the nonlinear magnetic components and electric circuits was taken into account in order to predict the performance characteristics of the transformer with an internal fault. All required internal dimensions of the power transformer which include core dimensions, core material, winding size and spacing, and The values of the leakage reactance for various percentages of shorted turns on both sides of the power transformer were obtained by using FEA.
The Traditional Differential Protection Scheme during
Internal Turn-to-Turn Faults The performance of the traditional differential protection scheme was studied for various percentages of shorted turns on both windings of the power transformer. A case of 10% and 3% of shorted turns on the primary winding of the power transformer, taken from a set of studies, is shown to demonstrate the performance of the traditional differential protection scheme. It was found that the traditional differential protection operates when a higher number of turns (10% of turns) are shorted, however it lacks sensitivity to detect winding faults which involve a small number of shorted turns (for example 3%). Fig. 2 shows that the differential (F diffC ) current remains above the value of the restraining current (F resC ) when 10% of turns are shorted and the differential (F diffC ) current remains below the value of the restraining current (F resC ) when 3% turns are shorted. In this study, the restraint characteristic has been set to 20% (to make the relay to be insensitive to mismatches between CT currents and differences in accuracy of the CTs) and a minor internal turn-to-turn fault when 3% and 1% of turns are shorted causes a differential current to be less than 20%. For this reason, the traditional differential protection cannot detect a turn-to-turn fault with 3% and 1% of shorted turns. Also, the obtained results were in agreement with the IEEE Standard C37.91-2000 which states that at least 10% of turns have to be shorted to cause a detectable change in the terminal current.
The Proposed Scheme during Internal Turn-to-Turn Faults
The main purpose of the investigations introduced in this section is to highlight the efficiency of the protection scheme based on negative sequence currents for detecting minor internal turn-to-turn faults in power transformers for various percentages of shorted turns.
Case 1: Internal turn-to-turn faults on the primary (Y-Y) winding for various percentages of shorted turns
During internal turn-to-turn faults the negative sequence currents are going to be present on both sides of the power transformer with different magnitudes. Fig. 3 shows the magnitude of the negative sequence current on the primary side (INS_P) and the magnitude of the negative sequence current on the secondary side (INS_S) when 10%, and 1 % of the turns are shorted.
The magnitude of the negative sequence current on the faulty side (INS_P) is greater than the magnitude of the negative sequence current on the other side (INS_S) as expected. 4 shows 'zooming in' on the magnitudes of the two components of the total negative sequence current for various percentages of shorted turns. Negative sequence currents superimpose pure-fault quantities and they do not exist during the steady state condition, so lower restraining current can be used. Magnitudes of negative sequence currents are compared with a pre-set level which is 1 % (0.05 A) of the differential protection's base current. 5 shows the relative phase angle between two phasors of negative sequence currents during the internal turn-to-turn fault, which represent the respective contribution. For the modeled power system, the phase angle shift between two phasors of negative sequence currents is set between 0 to 5 degrees in order to ensure a very sensitive turn-to-turn fault detection.
It can be seen from these figures that the proposed scheme can detect minor internal turn-to-turn faults as low as 1% of shorted turns (2 turns) on the secondary winding in phase C. A turn-to-turn fault for different percentages of shorted turns was detected within one cycle (0.16 seconds).
Performance of Proposed Scheme during External
Faults The results from an external phase to ground fault (B-G) on the secondary side of the power transformer are given in the paper. Fig. 6a shows magnitudes of the negative sequence currents on both sides of the power transformer which were compared with a preset level which is 1% of the differential protection's base current. As can be seen from Fig. 6a , the negative sequence current (INS_P) enters the healthy transformer on the faulty side and leaves (INS_P') on the other side properly transformed. In other words, the magnitude of the negative sequence current on the faulty side of the transformer equals the magnitude of the negative sequence current on the healthy side of the transformer. Fig. 6b shows the relative phase angle between two phasors of negative sequence currents. It can be seen from Fig. 6b that at any point in time after the fault is applied, the phase angle between these two phasors equals 180 degrees. The proposed technique is going to make a correct decision and is not going to trip for the external phase B-to-ground fault.
CONCLUSIONS
In this paper, an efficient protection scheme based on negative sequence currents for detecting minor internal turnto-turn faults in power transformers was described.
The proposed scheme is simple to implement (uses the standard sequence current logic The performance of the proposed scheme was evaluated for both internal and external faults. Moreover, the performance of the proposed scheme was compared to the performance of a traditional differential scheme for the two type of faults in order to highlight the efficiency of this scheme. The evaluation of the scheme has also been done for different operating conditions, different number of shorted turns, and different connections of the power transformer . It was found that the proposed scheme will operate correctly even when 1% of the turns (2 turns) are shorted.
Further investigations have been also carried to explore the performance of the proposed scheme during the inrush current phenomenon as well as unbalanced operation of the power system. The results of these investigations have shown that such phenomena have no impact on the performance of the proposed scheme. Finally, it has been found that the proposed scheme did not require any extra customization compared to the traditional differential protection scheme.
